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Abstract. Hot Jupiters are submitted to an intense stellar heating. The resulting thermal tides can
torque their atmospheres into asynchronous rotation, while these planets are usually assumed to be locked
into spin-orbit synchronization with their host star. Particularly, the thermal atmospheric torque can be
greatly enhanced by the dynamical component of the tidal response, that is the component associated with
the propagation of internal waves. Owing to the involved complex dynamics, semi-analytical approaches
are crucial to understand the physical mechanisms that are responsible for the frequency-resonant behavior
of thermal tides, and quantify the atmospheric tidal torque. In this work, we revisit the early works by
Arras & Socrates (2010) and present an improved modeling of thermal tides taking into account rotation
and radiative cooling. Using this new modeling, we compute analytically the atmospheric tidal response of
hot Jupiters and show that resonances associated with low-frequency internal gravity waves are able to drive
asynchronous zonal flows in the range 1-30 days.
Keywords: hydrodynamics, planet-star interactions, waves, planets and satellites: atmospheres, planets
and satellites: gaseous planets
1 Introduction
Understanding the general circulation of hot Jupiters is crucial to constrain observationally their properties
(temperature, structure, day-night heat transport, circulation regimes). Particularly, it appears as a key step
to relate these properties with the Doppler shift in transmission spectra that can be measured in orbital phase
curves of secondary eclipses (e.g. Rauscher & Kempton 2014). Because they orbit very close to their host
stars, hot Jupiters undergo strong gravitational tides. Therefore, they are expected to be torqued towards
spin-orbit synchronization, that is the equilibrium state where the planet rotation rate exactly equalizes the
orbital frequency, over short timescales (typically a few millions years, see Showman & Guillot 2002; Ogilvie &
Lin 2004; Showman et al. 2015). Hence, tidal forces should lock a planet into synchronous rotation before they
circularize its orbit (e.g. Rasio et al. 1996).
However, other mechanisms can compensate the effects of gravitational tides and force a fast super-rotating
equatorial jet in the atmosphere of the planet, which is also submitted to a strong day-night heating contrast.
One may invoke for instance the non-linear equatorward transport of angular momentum by Rossby waves (e.g.
Showman & Polvani 2011; Showman et al. 2015), or thermal tides for their ability to induce a tidal torque in
opposition with that induced by gravitational tides (Gu & Ogilvie 2009; Arras & Socrates 2010). This latter
effect has been particularly studied in the case of terrestrial planets such as Venus, which is locked into the
observed asynchronous rotation by a competition between gravitationally and thermally induced tidal torques
(Gold & Soter 1969; Ingersoll & Dobrovolskis 1978; Dobrovolskis & Ingersoll 1980; Correia & Laskar 2001;
Leconte et al. 2015; Auclair-Desrotour et al. 2017). Its efficiency is based in this case upon the fact that
the solid part of the planet can support the surface load resulting from variations of the atmospheric mass
distribution with negligible distortions, thus leading to a net quadrupole.
Since there is not solid part at the base of the atmosphere in hot Jupiters, the lower regions of the planet
tend to hydrostatically compensate the variation of atmospheric mass distribution in the low-frequency range,
preventing thereby a net quadrupole to form. Nevertheless, by proceeding to a linear analysis of the atmo-
spheric tidal response derived from the classical tidal theory (Chapman & Lindzen 1970), Arras & Socrates
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(2010) showed evidence of the important role played by the so-called “dynamical tide” (Zahn 1966), that is the
component of the tidal response resulting from the propagation of internal waves, which can lead to an energy
dissipation enhanced by several orders of magnitude.
Arras & Socrates (2010) computed the tidal torque exerted on the atmosphere in the absence of rotation and
dissipative processes, which provided a diagnosis about the impact of dynamical tide on the tidal torque but
let aside potentially important physical ingredients. Therefore, we revisit here their early study by introducing
in a self-consistent way in the atmospheric tidal response the effects of radiative cooling and rotation. We thus
characterize the wave-like structure of the atmospheric tidal response, examine the evolution of the tidal torque
with the forcing frequency, and quantify its dependence on rotation and radiative cooling. Results summarized
in the following are detailed in Auclair-Desrotour & Leconte (2018).
2 Structure of the tidal response
Following along the line by Arras & Socrates (2010), we consider a fluid spherical planet of radius Rp and
mass Mp orbiting circularly its host star, of mass M? (see Fig. 1, left panel). The planet spin is defined by the
angular velocity Ω and its mean motion by the orbital frequency norb. We adopt for background distributions
the vertical profiles used by Arras & Socrates (2010). As shown by Fig. 1, these profiles define a bi-layered planet
composed of a thin atmosphere, which is stably stratified with respect to convection, and a thick convective
region. Background distributions of gravity g, pressure p0, density ρ0 and temperature T0 are supposed to be
functions of the radial coordinate r only, and mean flows are ignored.
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Fig. 1. Left: Reference frames and systems of coordinates. The notations Ω and norb designate the rotation vector and
the orbital angular velocity, respectively. Right: Background vertical profiles normalized by their maxima as functions
of the pressure altitude x.
The planet undergoes both the tidal gravitational and thermal forcings resulting from the tidal gravitational
potential of the star and the absorption of the incoming stellar flux, respectively. However, we focus here on the
thermal component, as it only affects the thin stably stratified atmosphere, where approximations allowing the
mathematical treatment of the classical tidal theory can be assumed (typically the traditional approximation).
The stellar heating generates a tidal response, which is considered as a small perturbation in the vicinity of a
given state of equilibrium in the linear analysis adopted for this work. In the absence of obliquity, the tidal
torque exerted on the planet is generated by the semidiurnal tide only, of frequency σ = 2 (Ω− norb). It can be
written
T = 2pi
√
3
5
(
M?
M? +Mp
)
n2orb=
{
Q2,σ2
}
, with Q2,σ2 =
∑
n
A2,νn,2
∫ +∞
0
r4δρ2,σn dr. (2.1)
In the above expression, we have introduced the quadrupole moment Q2,σ2 , which describes the global
variation of mass distribution associated by the tidal bulge. Through Coriolis effects, the rotation couples
spatial distributions of forcings to Hough modes (Chapman & Lindzen 1970; Lee & Saio 1997), designed by
the subscript n. Therefore, Q2,σ2 is the sum of contributions of modes weighted by the coupling coefficients
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Fig. 2. Structure of the atmospheric tidal response to the semidiurnal thermal forcing for tidal periods τtide = 10 and
100 days. Quantities are plotted as functions of latitude (horizontal axis, degrees) and pressure levels in logarithmic
scale (vertical axis, bars). Left: Imaginary part of density fluctuations. Right: Characteristic timescale necessary for
the semidiurnal tide to generate a zonal jet of velocity Vjet = 1 km.s
−1 in logarithmic scale. Top: Static planet (rotation
ignored) with no dissipative processes. Bottom: Rotating planet with radiative cooling.
A2,νn,2. The associated density variations are denoted δρ
2,σ
n while r and dr designate the radial coordinate and
its differential, respectively.
By solving the Laplace’s tidal equation (e.g. Lindzen & Chapman 1969, Eq. (51)), we obtain the A2,νn,2
and the eigenvalues associated with Hough modes. These laters are then used to integrate numerically the
equation describing the vertical structure of the tidal response and compute the associated density variations.
We also introduce the characteristic timescale τevol, which is the timescale necessary for the force induced by
the local variation of mass distribution to generate a zonal jet of 1 km.s−1 assuming a constant acceleration. In
order to give an overview of the obtained results, the imaginary part of the quadrupolar density anomaly and
the corresponding evolution timescale are plotted in Fig. 2 as functions of the latitude and pressure levels in
logarithmic scale. Results are given for the tidal periods τtide = 2pi/ |σ| = 10, 100 days and two cases: the static
adiabatic case treated by Arras & Socrates (2010) and the case of a rotating planet with a radiative timescale
τ? = 1 day.
Figure 2 illustrates how radiative cooling and rotation affect the structure of the tidal response. The
observed oscillatory behaviour (top panels) is due to internal gravity waves forming the dynamical tide, which
can propagate in the radiative atmosphere. In the absence of dissipation, the vertical wavelength of these waves
tends to zero when the tidal period increases, i.e. when the planet tends to synchronization. The introduction
of radiative cooling leads to a more realistic behaviour, oscillations being damped for τtide  τ?. As regards the
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impact of rotation, we retrieve the well-known equatorial trapping of gravity waves for τtide = 10 days. In the
vicinity of synchronization, |ν| > 1. The distribution of tidal heating is thus coupled with Rossby waves, which
leads to the particular pattern observed for τtide = 100 days. In all cases, Fig. 2 shows a strong decoupling
between the atmosphere and the convective region. The tidal force induced by the thermal forcing affect the
irradiated zone only, gravity waves being unable to propagate in the convective region.
3 Evolution of the atmospheric tidal torque with the tidal frequency
We now compute the variation of the total tidal torque exerted on the atmosphere with the tidal frequency. A
first analysis in the zero-frequency limit leads to the analytical expression of the quadrupole moment
Q2,σ2 ≈
∑
n
A2,νn,2
[
1− 30
Λ2,νn
] ∫ +∞
0
ρ0r
4
(
σ2
N2
)
Jn
iσT0Cp
, (3.1)
where i designates the imaginary number, Cp the thermal capacity of the gas per unit mass, N the Brunt-
Va¨isa¨la¨ frequency, supposed constant in the isothermal approximation, and Jn the thermal forcing per unit
mass resulting from the absorption of the incoming stellar flux. This formula generalizes that obtained by Arras
& Socrates (2010) in the static adiabatic case. The total torque created by the semidiurnal tide is plotted in
Fig. 3 as a function of the tidal period (τtide = 2pi/ |σ|) in logarithmic scales, for two different radiative time
scales (left panel), and for the static and rotating cases (right panel). In both panels, the analytic formula given
by Eq. (3.1) is designated by the dotted black line.
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Fig. 3. Atmospheric tidal torque created by the semidiurnal thermal tide (J) as a function of the tidal period (days) in
logarithmic scales. Left: Static planet with characteristic timescales of radiative cooling τ? = 0.1 days (red line) and
τ? = 10 days (blue line). Right: Static (green line) and rotating (cyan line) planet with τ? = 1 day. In both panels, solid
(dashed) lines correspond to negative (positive) torques, pushing the planet away from (toward) spin-orbit synchronous
rotation. The black dotted line designates the equilibrium tidal torque derived analytically in the low-frequency range.
In the range 1−30 days, we recover the resonant behaviour previously obtained by Arras & Socrates (2010).
Resonances are due to the wave-like component of the tidal response highlighted by Fig. 2. They can enhance
the tidal torque by several orders of magnitudes, this effect being stronger in the absence of damping. Although
rotation slightly modifies resonances, it mainly affects the tidal response in the low-frequency regime because
of the coupling of the forcing with Hough modes discussed in Sect. 2. However, note that this behaviour is not
realistic in the zero-frequency limit since other dissipative processes like friction will annihilate the coupling
induced by Coriolis effects beyond a given tidal period. This processes will make the torque converge to the
linear behaviour obtained in the static case.
4 Conclusion
Motivated by the understanding of the role played by thermal atmospheric tides in the general circulation of hot
Jupiters, we studied the ability of the induced tidal torque to generate strong asynchronous jets. To do that,
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we revisited the early work by Arras & Socrates (2010) by introducing Coriolis effects and radiative cooling in
the dynamics of thermal tides. We computed the 3D structure of the tidal response numerically in the general
case using the linear analysis of the classical theory of atmospheric tides. This provided us a diagnosis about
the way the atmosphere is affected by tidally induced variations of mass distribution. We recovered in the static
adiabatic case resonances identified before by Arras & Socrates (2010). These resonances are associated with
the dynamical tide and result from the propagation of internal gravity waves. They can increase the total tidal
torque exerted on the atmosphere by several orders of magnitude. However, they are attenuated by radiative
cooling. Coriolis effects mainly change the asymptotic behaviour of the torque in the low-frequency range.
In spite of the limitations inherent to the linear analysis, this approach enables a full characterization of the
thermally-induced tidal torque undergone by the atmosphere of the planet as a function of the tidal frequency
and physical parameters of the system. It may be consolidated in further works by the study of the impact of
friction on the atmospheric tidal response in the zero-frequency limit.
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